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Abstract 
A 1m high circulating fluidized bed reactor, comprising of two bubbling bed reactors connected via two loop seals and a riser, has been built 
for performing experiments on sorption enhanced steam methane reforming. In this system steam reforming of methane is carried out 
catalytically with a CO2 sorbent co-present in one reactor. Regeneration is carried out in the other reactor. The catalyst used is a 60 wt.% 
Ni/NiAl2O3 and the sorbent is calcined dolomite. The formed CO2 reacts with the sorbent producing a solid carbonate and the sorbent free 
thermodynamically equilibriums are surpassed leading to a more concentrated hydrogen stream effluent.  
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1. Introduction 
Fossil fuels are likely to continue to be a major energy source in the near future and techniques for reducing emissions 
of greenhouse gases, while still producing energy or other valuable products, from such sources should be implemented. Steam 
reforming of methane is the dominating industrial path for hydrogen production from such fossil fuels, with the intention to use 
hydrogen as fuel in a power production process. However, during the last years sorption-enhanced steam methane reforming 
(SE-SMR) has gained increased attention for hydrogen production with simultaneous CO2 capture [1, 2]. The produced hydrogen 
may then be used for power generation or, after more purification, in e.g. PEM fuel cells, or in more conventional base chemical 
industry. In SE-SMR the natural gas reforming is carried out catalytically with a co-present sorbent powder in the reactor. 
Produced CO2 reacts with the sorbent to make a solid carbonate, thus driving the reforming and water-gas shift reactions toward 
products and exceeding the sorbent free thermodynamic equilibriums for these reactions. The used sorbent is regenerated in a 
subsequent process step. Central equations for the SE-SMR process are given below: 
 
 CH4(g) + H2O(g)            CO(g)  + 3H2(g)    Reforming   (1) 
CO(g) + H2O(g)             CO2(g)  + H2(g)      Water-gas shift  (2) 
CH4(g) + H2O(g)            CO2(g)  + 4H2(g)      1 + 2  (3) 
 MO(s) + CO2(g)             MCO3(s)      Sorption (MO=solid oxide) (4) 
 CH4(g) + 2H2O(g)          MCO3(s)  + 4H2(g)           Overall, 3 + 4  (5) 
 
In SE-SMR reaction 1 and 2 take place during steam reforming at temperatures around 600 °C or below. Equation 4 describes 
the reaction between CO2 and the sorbent, which is typically a metal oxide denoted MO, leading to a carbonate compound. The 
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reverse of eq. 4 describes regeneration of the sorbent, which is typically carried out at ca. 800-900 °C depending strongly on 
material type and partial pressure of CO2 in the reactor. Eq. 5 describes the sum of reactions that takes place in the reformer 
reactor in the SE-SMR reaction. The thermodynamic equilibrium for most investigated SE-SMR systems indicates that 
approximately 98 % hydrogen may be formed, with the rest being mainly unconverted methane [1]. Variations in effluent gas 
composition are mainly due to different enthalpies of formation of the carbonates.  
The catalyst in SE-SMR may typically be a standard reforming catalyst like e.g. Ni/NiAl2O4. The choice of sorbent, 
denoted MO in the equations above is a compromise between capacity, durability, kinetics and temperature of operation and no 
ideal sorbent is so far found. Typical sorbents reported in literature are: CaO (lime), calcined dolomite (Mg0.5Ca0.5O), Li2ZrO3, 
Na2ZrO3 or Li4iO4 [2]. These materials all have different characteristics. Ca based sorbents have good kinetics and capacities but 
show poor stabilities during prolonged use. Lime and dolomite, being fund naturally, are very cheap raw materials having likely 
the greatest potential for being used in large scale units if their stability is improved. The Li and Na based materials have been 
reported to have high stability but slightly slower kinetics and capacities compared to CaO systems [2]. Since CaO systems have 
somewhat larger enthalpy of formation of carbonate compared to Li and Na systems CaO systems are somewhat better suited for 
use if high purity H2 streams are planned for [2]. As in all processes that employ sorbents they must be regenerated. The sorbent 
is regenerated preferably by a pressure-temperature swing step. In addition, the catalyst and sorbent powder in SE-SMR are a 
mixture hence both materials must be able to withstand all conditions in all places in the reactor system. Especially regeneration 
steps may place strains on the catalyst and sorbent powders.  
In SE-SMR the reforming may take place at a lower temperature than usual due to equilibrium shifts of the reactions. 
Note also that the heat balance in the reformer is close to neutral since the exothermicity of the carbonate formation (eq. 4) 
cancels most of the endothermicity of reaction 1+2. It is interesting to note that enhanced hydrogen production from the 
conversion of hydrocarbons in the presence of a catalyst and a Ca-oxide was described already in 1868 by Williams [3].  
Recently Ochoa-Fernandez et al. carried out process simulations comparing standard SMR with CO2 capture and SE-
SMR [2]. Using lower heating value based efficiencies they found that steam methane reforming with CO2 capture had a net 
efficiency of 71 % while SE-SMR using CaO as a sorbent had a net efficiency of 79% [2]. These numbers clearly indicate that 
SE-SMR is a competitive process for hydrogen production with simultaneously CO2 capture. 
In this paper, the initial experiments of continuous SE-SMR using a lab-scale circulating fluidized bed reactor system 
are presented. The reactor system comprises two bubbling bed reactors connected via loop-seals and a riser making it possible to 
have a continuous circulation of powder without any unwanted mixing of gases between the reformer and the regenerator. The 
presented work will be mostly qualitatively in nature in order to present our reactor system and its operation for a broader 
audience.  More detailed studies of various effects and process parameters of both powders and reactor will be presented in 
future publications.  
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2. Experimental 
The catalyst used in the present work was a 60wt.%Ni/NiAl2O4. It was made by dissolution of the nitrate salts of Al and 
Ni in a 50/50% H2O/isopropanol solution. The mixture was heated to 160 °C and held constant until dryness, which took 2-3 
days depending on the size of the batch. The dry powder was then crushed and heated at a rate of 5°C/min up to 1200 °C where it 
was held constant for 6 hours. The finished sample was cooled, crushed and sieved to the size fraction, 90-200 ȝm.  As 
synthesized catalyst in oxide form, NiO/NiAl
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2O4, was ex-situ reduced in a 10% H2 atmosphere at 650 °C for 4 hours.  
The sorbent used in the present work was based on natural dolomite from Seljeli in northern Norway [4]. Before use, the 
dolomite was calcined in a 10%H atmosphere, balanced by N2 2, at 900 °C for 6 hours. Thereafter a measured amount of catalyst 
and sorbent was mixed in a volumetric ratio of 20vol.%:80vol.% (catalyst:sorbent), which is termed as “our powder mixture”. 
The powder mixture was subsequently fed to the reactor system. The total amount at start is ca. 135 gram but more powder was 
introduced during the run due to attrition. The powder is a Geldart type B.  
The reactor system is schematically shown in Figure 1. It consists of two reactors, denoted Reactor 1 and Reactor 2, two 
loop seals, 1 and 2, a cyclone and a riser. The inner diameters of both reactors are 5 cm. In each reactor, there is an overflow pipe 
(1 cm diameter) with a height of 4 cm above a sinter. The bed heights are thus 4 cm and the volume of the bed is 75 ml.  high. 
The loop seals have 4 cm2 bases. Powder outlet rims are at a height 
of 5 cm above sinter. This gives a volume of 20 ml. The volume of 
the reactor that contains powder is thus ca. 190 ml. The riser has an 
inner diameter of 6 mm. The pores of the sinters are around 20 
micron in size. There are two gas outlets and five points where 
gases enter the system. There are gas entrances in both reactors, in 
both loop seals and in the riser. Gases leave the system through 
pipes at the top of Reactor 1, the reformer, and from Reactor 2, the 
regenerator. In both reactors, loop seals, and riser the gas enters 
from the bottom at speeds that fluidize the powder. A reactor 
design as described here allows powder to be transported from one 
place to another and eventually back to the original place after 
some time without gas mixing. The powder transport cycle will be 
described short. Powder in Reactor 1, the reformer, experiences 
reforming conditions and the sorbent reacts with gaseous CO2 
forming a carbonate structure, eq. 4 above. The other gases leave 
via the outlet tube in Reactor 1. The used sorbent and catalyst 
powder then fall via the overflow pipe into loop seal 2. The loop 
seals work as a water lock when the powder in it is fluidized. From 
loop seal 2 the powder falls into Reactor 2 where it is exposed to 
high temperature (~900 °C) resulting in a decomposition of the 
carbonate (reverse eq. 4 above). The produced CO2 then leaves the 
reactor as indicated with the arrow marked CO2. When there is 
enough powder in Reactor 2, the surplus amount falls into loop 
seal 1. From loop seal 1, the powder enters the riser where it will be transported upwards to the cyclone. At this point it will be 
further transported into Reactor 1. After entering Reactor 1, the powder has been through one cycle in the reactor system. The 
loops seals between the reactors ensure that no gas from Reactor 1 enters Reactor 2 and vice versa. The mean residence time in 
Reactor 1 and 2 is estimated to be ca. 5 minutes. There are chemical reactions only in Reactor 1 and 2. 
Figure 1. Schematic drawing of reactor 
The effluent from Reactor 1 is termed the hydrogen rich stream and consists (in the presented experiments) of nitrogen 
(inert and main fluidizing gas), hydrogen, CO, CO2 and unconverted methane. Carbonaceous species in the reformer effluent 
vary depending on the capture efficiency by the sorbent and reaction conditions like temperature, pressure and catalyst activity. 
The effluent from Reactor 2, the regenerator, consists of nitrogen and CO2 that has desorbed from the sorbent powder. 
Information from literature, own kinetic measurements on sorbent kinetics and calculations are the basis for the dimensions of 
the reactor system.  
There are thermocouples located at several positions in the system. Each loop seal has a thermocouple in the powder 
stream. Each reactor has seven points where temperature is measured. The reactor’s thermocouples measure the temperature at 
each cm height in the bed and at three points above it in the freeboard region. The reformer’s temperatures were found to be quite 
uniform with a gradient less than 1 °C through the height of the bed. This indicates a well fluidized bed with good heat transport. 
The temperatures were held constant in the range 590-600°C after startup and powder circulation had commenced. The 
regenerator had a similar setup but the temperature gradient through the bed was slightly higher, ca. 5°C through the bed and in 
the range 910-920 °C. The temperature gradient is probably due to non-uniform heating properties of the oven. There are ovens 
only for the reactors. Insulation is used for the remaining parts of the system. There are also thermocouples at various other 
places in the system during operation, including at the riser’s outer wall.  
For all experiments, the system was heated using low flow rates of nitrogen in all five gas inlets. The gas flow rates are 
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at this point too low to induce any fluidization of powders. After temperatures had reached to appropriate levels in the reactor the 
gas flows were increased stepwise until powders circulated in the system. Powder circulation was confirmed in two ways: by 
visual inspection, via a glass tube mounted at the top end of the riser and by observing temperature profiles in the system. During 
startup, temperatures in loop seals increased due to hot powder entering from the two reactors and the temperature in the riser 
increased due to heat transport from hot powder to the walls during transport to the top cyclone. Temperature profiles can be 
used to check powder circulation but as mentioned above a glass tube was mounted in the top part of the riser, which holds only 
100-200 °C during powder circulation, for visual inspection of the powder flow. A sensor (light based) for particle counting is 
thus possible at this point.  
Since powders are consumed by various mechanisms (vide infra) during reactions a system for introducing fresh powder 
has been mounted in the top of the reactor system in the roof of the cyclone shown in Figure 1. A measured amount of powder 
entered the system into the top cyclone. 2-3 ml powder was usually introduced in each batch. This powder entered directly into 
Reactor 1, the reformer. To make the system robust concerning powder attrition and powder circulation rates it was necessary 
with approximately 10 ml extra (surplus) powder in the system relative to the total volume of the system, 190 ml, should 
indicate.  
After powder circulation and resulting temperatures had stabilized the reformer, Reactor 1, inlet gas was changed from 
nitrogen to feed gases. In the present experiment a 500 Nml/min N2 gas flow was changed to a gas composition of 450 Nml/min 
N2, 50 Nml/min CH4, and 200 Nml/min steam. In the regenerator, Reactor 2, the inlet gas flow rate was ca. 500 Nml/min N2. 
These gas flows were found to be proper for running the reactor, i.e. the powder was transported through the system. However, 
occasionally they were adjusted to improve or test different powder circulation behavior. The N2 flows into the two loop-seals 
were ca. 400 Nml/min, and for the riser it was ca. 1650 Nml/min. Table 1 below summarizes the various flow rates employed in 
the presented work. The first column shows necessary flow of nitrogen to ensure powder circulation in the system at room 
temperature. The reduction in superficial gas flows necessary at high temperature compared to room temperature is due to 
increased “lifting” power of the gas at higher temperature due to a larger relative increase in gas viscosity compared to gas 
density reduction. 
 
Table 1: Feed gas flows. The first column indicates flow rates of N2 necessary for powder circulation at room temperature using 
the powder mixture described above.  
 
 
Unit: Room temperature, Nml/min Before reaction HT, Nml/min During reaction, Nml/min  
Reformer 3500 N2 500 N2 450 N2, 50 CH4, 200 Steam  
Regenerator 3500 N2 500 N2 500 N2  
Loop seals 850 N2 400 N2 400 N2  
Riser 2200 N2 1650 N2 1650 N2  
 
 
At present, the riser gas does not leave the system via the top of the cyclone. The gas from the riser enters the reformer 
in the freeboard region and leaves together with the reformer effluent. In practice our top cyclone does not carry out any powder-
gas separation as it would typically be used for. Our choice of this design is due to the fact that powder entrance into the reformer 
was strongly enhanced if the riser gas did not left through the top of the cyclone.  
Pressure in the system was measured to be 1 atm. Pressure difference between the two reactors was controlled by finely 
tunable valves. It was found that downstream pipes and bends could introduce enough gas flow friction to press detectable 
amounts of gas from one reactor to another. Countermeasures were taken to balance pressure differences, and after some trial and 
error, finely tunable valves were found to be very suited for balancing gas flows from the two outlets. 
The outlets from the both Reactor 1 and 2 go via cyclones for gas-powder separation. At the bottom of each of these two 
cyclones small glass vials are mounted. These glass vials make it possible to observe and measure the amount of fines that are 
captured in the cyclones. After the cyclones the gas is bubbled through water traps to capture fines that have escaped the initial 
cyclones. Water condensation tanks are placed after the water traps. Gas samples for GC analyses are taken after the 
condensation tanks. Additional filters were used before the GC inlet. An Agilent micro-GC 3000 was used for analyses of the 
effluent gases, and the system was operated via a Labview interface. Mass flow meters on the outlets made it possible to 
calculate the amount of CO2 leaving the regenerator effluent stream. The mass balance was found to be satisfactory. Inspection 
of the inner walls of Reactor 1 indicates no carbon formation. 
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3. Results and discussion 
The presented experiences and data are from the initial runs of the reactor system. Therefore, there are various process 
parameters and design aspects that will undergo improvements before future experiments. Such work is continuously in progress 
through various projects. More details of the system will be published later. 
Initially, powder circulation and gas leakage tests at room temperature were performed to assess our chosen design of 
reactor. Tests using only N2 as fluidizing gas showed that our powder mixture circulated from one day to another without any 
significant reduction in powder circulation. There appear to be little powder attrition at room temperature during circulation from 
one day to another when no chemical reactions take place.  
Gas leakage between reactors was tested by applying a tracer gas (He or Ar) in either reactor. As long as the pressure 
difference between the two reactors are zero, or close to zero there is no tracer gas mixing from one reactor to another. In 
practice, during testing the system was adjusted so that there was a small trace of hydrogen, barely detectable by the ȝ-GC. 
  As described above the system was heated in nitrogen flows and the feed gases were switched on subsequently after 
temperatures and powder circulation had stabilized. When powder circulation started there could be quite large changes in the 
temperatures in the reactor system resulting in a quite dynamical startup period. Stabilizing after startup at high temperature 
could take an hour to complete. 
After stable powder circulation and temperatures was reached the feed gases were turned on as shown in amounts 
shown in Table 1 above. The catalyst is known to be quite active for steam reforming of methane and GC analyses confirmed 
that steam reforming took place immediately after the feed gas was switched on. After ca. half an hour analyses of the 
regenerator effluent was initiated. The regenerator stream had only nitrogen, CO2 and traces of hydrogen in it. The CO2 flow 
from the regenerator is shown in Figure 2. Since the amount of CO2 formed is equimolar to the methane amount in the feed, see 
eq. 3 above, the maximum averaged CO2 flow over time should be 50 Nml/min in the presented experiment. Roughly speaking, 
the average amount of CO2 leaving the regenerator is can be estimated to be ca. 35 ml/min. Time averaging the data shown in 
Figure 2 indicate this more clearly. This 
corresponds to a CO2 separation 
efficiency level of ca. 65 %. The rest of 
the carbon left as unconverted methane 
(very small amounts), CO and CO2 from 
the reformer, Reactor 1. A higher bed in 
the reformer, i.e. a longer contact time for 
the feed gases, or even more sorbent 
compared to catalyst would likely have 
resulted in a higher CO2 capture 
efficiency. Own kinetic measurements of 
CO2 uptake in calcined dolomite using 
TGA indicate that the contact times 
applied should suffice for CO2 
absorption. One reason may be CO2 
formed in the top of the bed and some 
may also leave the bed in the present 
bubbles. Bubbles in the reactor will lead 
to unconverted feed and possible also 
represent a transport route for CO2. Since 
the conversion of methane was almost 
100%. There must be another reason for the CO
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Figure 2. CO2 flow from the regenerator during the reaction. 
2 that left the reformer without being absorbed.  
As can bee seen in the figure, there are large variations in the CO2 flow from the regenerator. The methane feed flow 
rate was stable during the whole run and these variations were found to correlate with variable powder circulation rates. The 
powder circulation rate rates did change over time due to powder attrition and powder additions to the system. Experiments using 
different amount of powder in the system showed other gas flow characteristics from the regenerator, Reactor 2.  
Powder circulation is an important parameter for analyzing and describing circulating fluidized bed reactors. At present 
no rigorous measurements of powder circulation rates are available but it is roughly around 5-15 ml powder pr. minute in runs 
like the one shown in Figure 2. To estimate this value experiments were performed where the riser effluent stream was 
disconnected from the cyclone and led into a measurement vial.  
It was observed that after start, the powder circulation rate decreased continuously over time. As mentioned above, at 
room temperature the decrease did take some hours to be observed but at high temperatures and chemical reactions in the system 
there was a more rapid powder circulation change compared to observed at room temperature. During reaction there is powder 
attrition due to breakdown of sorbent, among others [5]. Since our reactor system is based on overflow pipes there is a necessary 
minimum volume of powder that must be present in the reactor to ensure proper powder circulation. When a decrease in powder 
flows was observed, fresh mixture of sorbent and catalyst was injected. After powder addition, there was an increase in powder 
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circulation and the heat profiles in the system reacted accordingly. Often one could also observe an increased CO2 release rate 
from the regenerator after powder addition. This is likely due to increased amount of powder entering the regenerator with an 
increased rate of liberated CO2.  
There are obvious many challenges left to solve before the system operates perfect. However, we have shown a reactor 
that can be used for continuously SE-SMR as long as fresh sorbent and catalyst are added after being spent.  
  
4. Conclusion 
Sorption enhanced steam methane reforming in a lab scale circulating fluidized bed reactor has been carried out. The 
reactor system, even though far from optimized, shows promising results concerning SE-SMR using calcined dolomite as a 
sorbent with a CO2 separation efficiency of ca. 65 %. This number can obviously be improved by using a higher sorbent to 
catalyst ratio or e.g. a higher catalyst bed in the reformer. Most important at present, the system is possible to run continuously 
over a prolonged time with no unwanted gas mixing. However, fresh sorbent and catalyst must be added at certain time intervals 
to counter powder circulation rate loss due to powder attrition and packing during the initial phase of the experiment. 
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